Abstract The multistep decomposition of CaC 2 O 4 ÁH 2 O in the gaseous phase was explored at the MP2/cc-pVDZ level of theory. As a result, the structure and energy of the entities occurring at stationary points along the reaction pathway were determined. Statistical thermodynamics routines were used to obtain thermal energies/enthalpies and entropies. The results demonstrated the consecutive release of H 2 O, CO and CO 2 from the substrate with increasing temperature. Moreover, the application of thermodynamic and kinetic characteristics to relevant phenomenological relationships enabled the decomposition pattern in equilibrium and nonequilibrium conditions to be predicted. The forecast patterns qualitatively match the experimental thermal gravimetry data. This study supplies much important information on the molecular changes taking place in a stoichiometric unit of calcium oxalate monohydrate during continuous heating Keywords Calcium oxalate monohydrate Á Ab initio calculations Á Decomposition pattern prediction Á Thermodynamic and kinetic analysis Á Computational versus experimental TG data
Introduction
Calcium oxalate monohydrate is a well-known, standard material in thermal analysis investigations [1] [2] [3] [4] [5] [6] [7] [8] [9] . For this reason many authors have included studies on the features and reactivity of this compound in their research projects. Some thermal analysis papers tackle the chemical and energetic changes that take place during continuous heating [1] , while others touch on the kinetics of the compound's thermal decomposition [2] [3] [4] [5] [6] [7] [8] [9] . To our knowledge, only a few papers have been published in which computational methods are used to explore the behaviour and reactivity of CaC 2 O 4 ÁH 2 O and the related compound [1, 10, 11] . Among them is one of our papers [1] , in which the decomposition of calcium oxalate monohydrate was studied at a lower level of theory than in the present paper. Sixteen years have elapsed since the publication of that work, so we thought that it would be interesting to carry out new quantum chemistry calculations, at one of the most advanced levels of theory nowadays available, for a single CaC 2 O 4 ÁH 2 O unit and conglomerates of such units simulating a solid phase (an issue not yet completely explored), in order to predict the thermal behaviour of the compound during continuous heating in equilibrium and non-equilibrium conditions. This study focuses on predicting the course of thermal decomposition of CaC 2 O 4 ÁH 2 O in the gaseous phase and the shape of the thermal gravimetry (TG) curves, and compares patterns of predicted and experimental TG data.
Methods

Material
High purity calcium oxalate monohydrate (puratronic, 99.9985 %) was purchased from Alfa Aesar and used as received. [12] using the cc-pVDZ basis set [13, 14] and the Gaussian 09 program package [15] . Structures of CaC 2 O 4 ÁH 2 O, CaC 2 O 4 and CaCO 3 for optimizations were initially extracted from relevant crystallographic data [16] [17] [18] . The validity of the geometry optimizations was demonstrated in the subsequent Hessian (second derivatives of the energy versus nuclear coordinates) calculations followed by normal mode analyses [19] . The bond lengths and vibrational harmonic frequencies so determined were then used to obtain the zero-point energy, entropy ( T S°), thermal enthalpy and Gibbs free energy contributions at 298.15 K and standard pressure (°) applying a built-in computational program of statistical thermodynamics routines [20] . On the basis of these data, the sum (denoted T H°) of energy corresponding to the optimized structure, zero-point energy and thermal enthalpy contribution and the sum (denoted T G°) of energy relevant to the optimized structure, zero-point energy and Gibbs free energy contribution were computed by the program. Values of T H°, T S°and T G°were subsequently used to predict enthalpy (D r,T H°) and Gibbs free energy (D r,T G°) differences for consecutive steps of the decomposition of CaC 2 O 4 ÁH 2 O at a given temperature and a standard pressure (°), as well as the relevant activation characteristics: D a,T H°, D a,T S°, and D a,T G°, by following the basic rules of thermodynamics [21] .
Results and discussion
Decomposition pathway on the basis of computation results
The decomposition pathway was explored taking into account the results of thermal analysis and other investigations, on the basis of which it is known that solid CaC 2 O 4 ÁH 2 O decomposes in three steps [1] [2] [3] [4] [5] [6] [7] [8] [9] We assumed that in the situation when all reactants are gaseous, the compound also decomposes in the three steps shown in relationship (1) . Geometry optimizations of all the reactants lead to stationary points corresponding to the lowest-energy structures. Such optimizations in the case of three transition states lead to stationary points on the decomposition pathway. Enthalpies and Gibbs free energies corresponding to molecular states during CaC 2 O 4 ÁH 2 O decomposition are presented in Fig. 1 , while geometries of calcium-containing entities in the lowest-energy and transition states are shown in Fig. 2 .
Computational data indicate that the general scheme for the decomposition of solid calcium oxalate monohydrate matches well that for the dissociation of the gaseous compound. In the latter conditions, decomposition is predicted to be a three-step endothermal, forced process. This arises from the fact that D r,298 H°and D r,298 G°( Fig. 1) take positive values (the enthalpies of reactions are more positive, since the entropies of reactions, always positive, lower the values of D r,298 G°). All three steps need to overcome activation barriers, which are the highest for decarbonylation (step II) and lowest for dehydration (step I). Figure 2 shows molecular structures of the lowest-energy entities containing Ca and those in transition states corresponding to dehydration, decarbonylation and decarboxylation. When molecular changes during the reaction are substantial, one can expect higher activation barriers: this is the case with decarbonylation (step II). Thermodynamic (corresponding to equilibrium) and activation (corresponding to non-equilibrium conditions) characteristics will be used in the analysis of the behaviour of continuously heated molecular systems, to which we now proceed.
Thermal behaviour across temperature Endothermal/forced processes require a supply of energy/ Gibbs free energy to transform chemical systems from the substrate side to the product side. Thermally forced processes are usually initiated by a supply of heat in the temperature range in which the products occur. To gather information on this latter feature or, in other words, the thermal reactivity of CaC 2 O 4 ÁH 2 O, we plotted values of D r,T G°versus temperature for three decomposition steps (Fig. 3) . When D r,T G°is positive, substrates prevail, but when it is negative, products do so (below the line D r,T G°= 0). The line D r,T G°= 0 represents equilibrium between reactants. D r,T G°is related to the equilibrium constant ( T K°) by the phenomenological dependence (2),
in which R denotes the gas constant. For the processes shown in relationship (1) Fig. 2 Geometries of calciumcontaining entities (indicated in Fig. 1 (Fig. 3) .
Thermal equilibria across temperature
The equilibrium constants resulting from Eq. (2) and given by relationship T K ¼ exp ÀD r;T G =ðRTÞ Â Ã are in reality equal to the extent of reaction (a), as reflected by thermal analysis data for a given reaction step. D r,T G°values (Fig. 3) were thus used to predict equilibrium values of a across temperature, starting from the lowest temperature and finishing at the completion temperature for each reaction step.
Thermal gravimetry data combine the effects of all thermal processes that occur when temperature increases. So as to facilitate comparison of experimental and computational TG data we standardized the results of computations by assuming the total mass to be 1.000. Then, the mass losses corresponding to the three reaction steps in relation to the total mass are (the values in parentheses represent a for a given step): 1.000 (0.000)-0.877 (1.000), dehydration; 0.877 (0.000)-0.685 (1.000), decarbonylation; 0.685 (0.000)-0.384 (1.000), decarboxylation. Combined in this way, the values of a for the three reaction steps are shown in Fig. 4 as a solid line; this represents the pattern of the predicted TG curve for the stepwise decomposition of CaC 2 O 4 ÁH 2 O in equilibrium conditions.
Kinetic phenomena during decomposition
The thermal equilibria considered in the previous section could be achieved if forced processes were not required to overcome activation barriers. Examples of such processes are first-order phase transitions. Chemical processes usually need to overcome activation barriers and thus proceed in non-equilibrium conditions. Information on the chemical changes (extent of reaction) in such conditions can be obtained from kinetic relationships, which are briefly described below.
The basic kinetic equation for unimolecular decomposition,
which takes the differential form The adaptation of kinetic equations to non-isothermal conditions has been discussed in detail elsewhere [22, 23] . Here, only the final results are invoked, which can be presented as follows. In non-isothermal analysis, as in our case, time can be replaced by T=U (where U represents heating rate), which is possible when U changes linearly: U ¼ dT=dt (integration of this relationship leads to t ¼ T=U [22] ). For the rate constant, the equation derived from transition state theory seems best suited [21] :
kðTÞ ¼ ½RT=ðNhÞ expðD a;T S =RÞ exp½ÀD a;T H =ðRTÞ ð7Þ where h stands for Planck's constant and N is the Avogadro number. Combining Eqs. (6) and (7) yields a relationship for a (8):
which was used to predict values of a for each reaction step. These values were then plotted in Fig. 4 using the scheme described in the previous section. In these calculations we assumed the predicted values of D a,T S°and D a,T H°. The dashed and dotted lines in Fig. 4 represent the pattern of predicted TG curves for the stepwise decomposition of CaC 2 O 4 ÁH 2 O in non-equilibrium conditions.
Predicted versus experimental decomposition patterns
The predicted dissociation pattern of CaC 2 O 4 ÁH 2 O (Fig. 4) in equilibrium conditions and that reflected by TG curves (Fig. 5 ) are similar and characteristic of three consecutive, non-overlapping decomposition steps. There are, however, differences in the location of the thermal effect signals on the temperature scale. According to predictions, dehydration and decarboxylation should proceed at higher temperatures than the TG data indicate, whereas decarbonylation is predicted to take place over a lower temperature range than that resulting from TG data.
The reaction profiles predicted for the decomposition of CaC 2 O 4 ÁH 2 O in non-equilibrium conditions (Fig. 4) relationship (8) do not match the experimental TG data (Fig. 5 ). According to kinetic predictions, dehydration, the signal of which should occur first when the temperature increases, should be followed by the signals of decarboxylation and then decarbonylation. The unexpected effect has occurred because the activation barriers predicted for decarbonylation are much higher than those for decarboxylation. This seems to be an obvious deficiency of the molecular model (i.e. entities originating from a stoichiometric unit of CaC 2 O 4 ÁH 2 O in the gaseous phase) adopted in the calculations. It is evident from both experimental and computational data that increasing the heating rate shifts the curves reflecting mass loss to higher temperatures. From computational data it also emerges that the curves representing mass loss in equilibrium conditions lie at lower temperatures relative to the ones reflecting mass loss in non-equilibrium conditions. This latter finding, seen in the cases of dehydration and decarbonylation, is a logical consequence of the fact that under equilibrium conditions molecular systems have to overcome only thermodynamic barriers for a process to proceed, whereas in non-equilibrium conditions, kinetic (activation) barriers have to be surmounted, and these are always higher.
Conclusions
The results of this study show that computational methods are a convenient tool for analysing the thermal processes taking place as temperature rises. These methods provide insight into the molecular changes occurring when substrates are converted to products and enable the thermodynamic and kinetic characteristics of the various processes to be determined.
It has been demonstrated that, on the basis of fundamental thermodynamic and kinetic relationships, it is possible to generate reaction profiles representing mass loss during the continuous heating of CaC 2 O 4 ÁH 2 O, which in certain cases qualitatively match experimental TG data. The agreement is reasonable given that the computations applied to the gaseous phase and the experiments related to systems in which all Ca-containing entities were in the solid state.
Comparison of the data obtained in this study and those presented in our earlier paper on a similar subject [1] leads to the conclusion that in both cases the decomposition pathway of calcium oxalate monohydrate is predicted to be the same and is consistent with experimental findings. The thermodynamic data presented here (Fig. 1 ) compare somewhat better with the experimental values than the computational data that we predicted earlier ( Table 2 in Ref. [1] ). In the present study, we took a different approach for predicting the decomposition profiles than the one used in Ref. [1] . As a result, the decomposition pattern of CaC 2 O 4 ÁH 2 O predicted here (Fig. 4) is much closer to the experimental one (Fig. 5) than the pattern predicted and reported in our previous work (Fig. 2 in Ref. [1] ). Here, moreover, we predicted the decomposition profiles under equilibrium and nonequilibrium conditions, whereas earlier this was done only under equilibrium conditions.
The agreement between computational and experimental characteristics would undoubtedly improve if entities from the environment were included in the quantum chemistry calculations. Our preliminary results indicate that thermodynamic and activation barriers are lower when a nonreacting molecule accompanies a reacting one. The latter finding opens up prospects for further investigations, which may require much more time owing to the substantial increase in the size of objects studied.
